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Abstract 
Vacuum preloading is one of the effective technologies for consolidating soft foundation. The definition of vacuum preloading is 
presented and the research status of vacuum preloading is analyzed. The consolidation mechanism of vacuum preloading is 
explained also. Meanwhile, the computing methods of vacuum preloading are classified, the advantages and disadvantages of the 
axial symmetry consolidation theory, the half analysis theory of horizontal movement and the three dimension value solution, are 
evaluated. Especially the key Environmental problems of the vacuum preloading have been further investigated, such as 
theoretically probing into the change of ground water level according to the vacuum preloading mechanism, putting forward the 
specific measuring technology of ground water level in the actual vacuum preloading project. In addition, on the basis of 
analyzing the characteristics of vacuum preloading, application prospect of vacuum preloading is predicated, such as pointing out 
the development trend of vacuum combination surcharge preloading theory, the prospects of the application of vacuum-
electroosmosis consolidation theory and under-water vacuum preloading theory, etc. Finally the reasonable advices on decreasing 
the environmental influence and improving the vacuum preloading work craft, equipments and finding the substitute materials, 
etc, are provided. 
 
© 2010 Published by Elsevier Ltd. 
 
Keywords: vacuum preloading; reinforcement mechanism, the computing methods; vacuum combination surcharge preloading; vacuum-
electroosmosis consolidation theory; under-water vacuum preloading theory 
1. Preface  
 
The limp clay layer is widely distributed in the south-east coast and inland of China. This clay is characterized by 
containing large amount of water, high compressibility, low intensity, poor penetrability and low loading. Therefore, 
it can’t meet the requirements of construction. The distortion of concretion needs to be accurately estimated during 
the port construction in Tianjin, Shenzhen, Lianyungang, Shantou, as well as the disposal of groundwork for oil tank 
in Shanghai, and Zhejiang. At present, the prevalent approaches are vacuum preloading, vacuum surcharge 
preloading, vacuum combination surcharge preloading, etc. This disquisition mainly focuses on the vacuum 
preloading mechanism and related engineering problems. 
 
2. Vacuum Preloading Mechanism  
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1.1. 2.1 The research status 
The vacuum preloading theory is to take out the gas of the soil to form a vacuum, and then there is a pressure 
difference between inside and outside of the soil, the press difference could be used to preload the soil. In order to 
have a soil body for the reinforcement with a high vacuum degree, the sand layer should be first paved on the 
surface of the groundwork before taking out the gas, then a plastic film or rubber fabric needs to be paved on the 
sand, which will make it isolated from the air, then connect the vacuum pump with the penetrating pipe in the sand 
layer and take out the gas to form a vacuum. So a minus pore pressure is produced. Finally, push out the water and 
gas to consolidate the soil. 
Vacuum preloading was firstly brought forward by Prof. W. Kjellman, a Swedish geologist in 1952[2]. It drew great 
attention of the experts in fields of academy and engineering. A great many of experts have done a series of practical 
and theoretical work, and the theory was applied in United States and Japan respectively. But because of the 
pressurizing problem, the vacuumizing problem etc, it was difficult to get and keep the required vacuum. The 
consolidation mechanism about the change of effective pressure wasn’t known well then. Therefore this approach 
was not greatly popularized. With the development of engineering technology and the appearance of the cheap 
plastic, the problem of pressuring was solved.Then the vacuum preloading theory was adopted widely. 
The first successful application was got in the Philadelphia airport, in US in 1958. In the runway project of the 
airport, the vacuum well precipitation was combined with drainage sand well, which consolidated about 140,000 m2. 
And then this method was used in fill-consolidation project of south harbor in Osaka, Japan. Soviet Union also used 
vacuum preloading theory to solve the problem landslide. This theory was also applied in some other projects such 
as oil tank project in Ambes, highway in Lamentin and airport apron project in France in 1990, sewage disposal 
factories in Khimae 1995and in Jangyoo in 1996 of Korea, airport storehouse project in Hamburg in Germany in 
2001[3]. 
This method was developed in the late 1950's and the early 1960's, but it didn’t attain the ideal engineering 
application level until 1980ˈwhen the first successful field experimentation was achieved by the Scientific and 
Research Academe of the First Aviation Bureau of Ministry of Communications in the new harbor of Tanggu. This 
method was ranked national key project of science and technology in 1983, and passed the national technique 
identification in december of 1985, being awarded the national "6.5" prize. The success of reinforcing the 480,000 
m2 dredge fill foundation in the east bank of Tianjin new harbor made China keep ahead of the world in the 
application of the vacuum preloading, especially the technology in the high vacuum degree and the greater area 
reinforcement. Whereafter the technology of preloading was continually improved because of the improvement of 
the equipments. The vacuum degree under the membrane has reached (7.998-9.331)×104 Paˈand the vane shear 
intensity after reinforcement can be enhance more than 300% at the shallow department. The method of vacuum 
preloading has been greatly popularized in our country China. 
Although the method of vacuum preloading has been applied intensively and some achievements in the aspects of 
reinforcing mechanism research and theoretic calculation have also been obtained, the research of reinforcing 
mechanism is still not sufficient and there are still some controversies about the mechanism. The system research of 
the parameter design and the influence of the construction method upon the effects of engineering are still 
insufficient. The measured fallout is usually much more than designed fallout in some engineering. Other questions, 
such as how far the vacuum pressure can pass, how much the space between two draining panel should be, how 
much the draining panel should be set to make the fallout meet the requirement after the construction, the applicable 
scope of the method of vacuum preloading, etc., still need further research. 
1.2. 2.2 Research on the Mechanism  
In vacuum preloading the airtight membrane is utilized usually, the jet pump and the pipeline are embedded in the cushion layer 
to drawing out air in the soil body and form vacuum, so the negative pressure is produced to eject groundwater within the soft 
foundation upright to earth's surface through the sand well or drain panel and to enhance the compactness of the foundation [4]. If 
we assume before the pressure of inside and outside of the membrane is the atmosphere pressure Paˈafter evacuation the 
pressure outside the is still Pa, pressure inside the membrane is Pv, and assume the difference between the two is P0ˈso P0= Pa - 
Pv. The difference of pressure makes the membrane clung to the sand layer tightly setting on the surface of the foundation. As the 
jet pump begins working, water inside the groundwork will be ejected from the soil body of the foundation and makes the 
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difference of pressure and hydraulic gradient between the water inside the vertical drainage equipment. If the water inside the 
foundation soil seeps, the pore water pressure will be reduced, the effective stress will rise, so the soil body will be consolidated. 
The essential of this method is that almost with the same total stress, the pore water stress will be reduced; the effective stress 
will be increased. This principle is showed in figure 1. The shadow parts are the changes of effective stress at different depth [5]. 
Based on the effective stress theory of K · Terzaghi[6]ˈtotal stress σ = σ’+ u˄σ’ is effective stress˗u is pore water pressure˅. 
The vacuum preloading is always got by reducing the pore water stress u and raise effective stress σ’, while keeping the total 
stress σ same, that is Ƹσ’+Ƹu =0. 
As to the analysis of the effective stress path (Figure 2), the average stress before the foundation was reinforced is 
P0= (σ10’-σ30’)/2; the effective stress increment of the foundation in the reinforcing course is Ƹσ’. Because the 
pore water pressure is a stress of ball, the directions has all increased Ƹσ’, the average pressure increases to P’, but 
the radius of the stress circle keeps the same. When the reinforcing is ended and the "load" is removed, the intensity 
of the foundation falls back to point F along the exceed-involving-line and with an increase of Ƹτ compared with 
the former intensity. Therefore, the intensity is enhanced after the strengthening.  
In addition, the soil body contains a large number of closed bubbles, which can be dissolved in pore water but can 
not be eliminated by the positive pressure stress. They will reduce the permeability of the soil body and slow the 
concretion process. These closed bubbles are aspirated easily during the vacuum suction, so the permeability will be 
increased and the concretion rate of the soil can be enhanced. 
     
D'
 
Figure 1 The stress distribution before and after evacuation  Figure 2 The foundation stress state before and after vacuum preloading 
 
3. Calculating Method 
 
The method of the vacuum preloading has also been developed rapidly. In the early 1980s, the numerical value law 
was applied to analyze the vacuum preloading process. There are many theoretical calculations and they can be 
summarized in the following three categories: 1) the analytic solutions based on the axial symmetry consolidation 
theory, such as the Barron solution, Zeng Guo-xi solution, and so on; 2) the semi-analytic solutions, by which the 
pore water pressure is solved and the displacement is calculated by numerical value solutions; 3) the numerical 
value solutions based on Terzaghi concretion theory or Biot concretion theory, such as the limited unit solution, the 
border unit solution and the difference solution, etc.[7] 
As for the analytic solutions, the greatest advantage is the simple calculation. It is relatively suitable for calculating 
the concretion settlement of the reinforced center, whose area is large, foundation, border conditions and the initial 
conditions are relatively simple. In 1948 Barron adopted the assumptions of the Terzaghi theory, but just researched 
the radial (to the level) of pore water seepage and in virtue of Newman-Carrilo theorem he considered the impact of 
vertical seepage furtherly. In 1978, Yoshikumi put forward the sand-well concretion theory with which the free 
strain condition was more rigorous and the resistance of the sand well was considered. Based on former research on 
non-ideal well concretion theory, Xie Kang-he made a solution with clarity concept, which can be calculated easily 
and was convenient for application. Because by the analytic solutions the total stress is generally assumed 
unchanged in the concretion process, it is not possible to consider the coupling relations between pore water 
pressure and deformation in the concretion process. Moreover, it can not be used to calculate the concretion 
deformation of the entire foundation, especially the border of the reinforced area. Therefore, the application of the 
analytic solutions was limited greatly. 
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The deformation of plastic drainage board or sand wells foundation sometimes is not a one-dimension horizontal 
displacement. The analytic solutions can only solve the settlement. Considering the liquid deformation of the soil 
body, Zhao Wei-bing brought forward the semi-analytic solutions to analyze the concretion of the sand well 
foundation, by which the calculation is relatively simple. It could take some complex situations into account, such as 
the viscoelasticity of the soil body, the three dimensions of the concretion, the resistance and the daubing of the sand 
well and the impact of the sand well group. But it is not suitable to separate the pore water pressure from the 
displacement and the pore water pressure can only be solved by the analytic solutions. Its results do not coincide 
with the actual changes well. 
The foundation partial differential equation of earth solidifying and changing question is unable to obtain its 
analytic solution for the slightly more complex boundary conditions. The value solution can adapted to the soil 
characteristics of body non-linearity, elastic-plasticity and aeolotropy, etc, and can make up of the insufficiency of 
the analytic solution. The value solution has become one of basic skills which the modern rock technical workers 
must have. The three dimension value solution is quite popular at present. Chen Huan and Shen Zhujiang took the 
sand well as sand wall, transformed the space problem into the plane question, and took the sand well and the sand 
bedding course into the known water boundary to carry on the computation. As for the soil whose viscidity is 
relatively biger, the sub-consolidation of soil body should be considered to simulate the concretion and distortion 
situation better. Because the destabilization to the normal solidifying soil which has certain configuration during the 
construction of bags sand well or plastic draining board reduces the soil intensity, soil damage must be consider. Yu 
Zhiwan, Zhao Weibing and Gu Ji have proposed viscoelasticity & visco-plasticity three dimensional finite element 
analysis method, by which the soil cut expand, cut shrink and viscosity are considered. The theory tallies the actual 
result very well [8]. 
 
4. The Environmental Problems 
1.3. 4.1 The Ground Water Level during Vacuum Preloading Project 
To research the water change situation in the soil body during vacuum preloading process, especially the ground 
water level change situation, is helpful to the further understanding of the vacuum preloading consolidation 
mechanism, so as to appraising and analyzing the consolidation effect of vacuum preloading[9]. There are three kinds 
of possibilities of ground water level change situation in vacuum preloading process: drop, rise or invariable, and 
every viewpoint has its supporters. The ground water level is different because of the different vacuum preloading 
project. But existing vacuum preloading ground water level research results are different not only at ration, but also 
at quality. The main reason is that most analysis on the ground water level change of reinforcement area is only 
from the point of vacuum preloading project measured data and not from the vacuum preloading mechanism. 
There are methods by using open piezometric tube or closed piezometric tube to measure the vacuum preloading 
ground water level [9]. The closed piezometric tube measurement is to install the head of the piezometric tube gauge 
in the measuring point, while the other end will be left in the membrane too. Because the piezometric tube is buried 
in the membrane and has to be gauged with the electrode, this measurement is rarely applied. Usually in the actual 
project the open piezometric tube measurement (or water level tube measurement) are adopted. The pore water 
pressure water value of measuring point is under the normal atmospheric pressure. Supposing the vacuum degree of 
measuring point is P, the vacuum pressure is Pv, pore water pressure u= Pv+rwh +Ƹu, and piezometric head u’= 
Pa+rwh’+Ƹu, then due to u=u ' we have: 
Pv+rwh +Ƹu= Pa+rwh’+Ƹu                          (1) 
So, h’= (Pv- Pa+ rwh)/ rw =h-P/ rw 
Thus, the relative press head h’ measured by measuring pipe is less than the real press head h of reposed water, and 
the difference of the two is P/rw. But in actual project, the test engineering condition and the test equipments 
themselves will affect the press head of the hole-water. If the groundwater level is measured by the open measuring 
pipe, we will have a misunderstanding that the groundwater level has dropped by P/rw, and in the groundwork 
reinforced by vacuum pre-pressing technique, the changes of groundwater level in reinforced zone is related with 
the condition of flow and border the soil permeability of reinforced zone., The water level may be different in the 
reinforced zone because of the impact of water gasification. So a measurement without using the measurement pipe 
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may be designed to measure the groundwater level, that is to lay a electrode every certain distance in the soil along 
the vertical direction, and a series of electrodes can be obtained, each electrode is lead out of the membrane by a 
insulation wire, according to the electric characteristic of the water in soil, the changes of water table can be got by 
measuring the electric character between each electrode while reinforcing. 
1.4. 4.2 The effective consolidation depth of vacuum preloading 
The effective consolidation depth of vacuum preloading is also a hot topic. Some people think that the 
consolidation of the vacuum preloading is carried on by using the atmospheric pressure and its effective 
consolidation depth should be restricted. Within the height of raising water (high degree of vacuum is about 10.0 
meters), it is vacuum preloading, and precipitation preloading is below it. The practice indicates that, by using the 
present craft and equipment, pumping air for 3~10 days, the vacuum degree under the membranes can reach above 
the 600 centimeters mercury column which is equivalent to more than 80 kPa load [10]. After pumping air the vacuum 
degrees of the center and four corners are close, which shows the vacuum degree is distributed regularly in the 
consolidation area. When vacuum preloading deals with the foundation, the vertical drainage must be establish, so 
as to the sand drain or the plastic draining strip, which can pass on the vacuum degree from the sand cushion into the 
soil mass and pull out and discharge the water of the soil mass through the sand cushion. Without the vertical 
drainage, it does not play the role above, or cannot achieve the consolidation goal. Once Ye Bai-rong has performed 
the field test, in which he does not establish the sand drain and pumps air for more than 2 months, as a result, the 
subsidence quantity is only several centimeters, and the quality of soil has been improved hardly. Therefore, the 
vacuum degree which is through the plastic draining strip is transmitted from the ground to the bottom of sub grade. 
As a result of the plastic draining strip that existence certain resistance of the well, the vacuum degree reduces 
gradually along with the depth increase. In summary, the vacuum degree may be transmitted to the bottom of the 
plastic draining strip. Therefore the inserted depth of the plastic draining strip is the effective depth of vacuum 
preloading. 
Since there are differences between the vacuum volume of vacuum preloading and the vacuum pumping, it dose 
not sop up water by means of forming head difference in the draining channel, but depends on the function of 
transmission vacuum in the draining channel. There are head differences in interstitial water of the foundation, 
which pushes the hole-water into the draining channel. The water flowing to the draining channel does not need the 
power to be drawn out. It can overflow naturally through water spout. In the practice vacuum preloading projects, 
the depth of the plastic draining board is generally over 20 meters[11], for instance the consolidation project of soft 
foundation of jetty 48×104m2 stock dump in the east of Tianjin Newport, and of numerous berth stock dumps in 
south Tianjin Port boundary, of the third stage of LianYungang, Miaoling, etc. Within the bounds of the plastic 
draining board, the foundation soil obtained the effective consolidation. Also there are some projects in which the 
depth of the plastic draining board is more than 20 meters deep. The consolidation depth of soft foundation, which is 
behind c-c cross section of the wharf of the jetty’s south side in the east of Tianjin Port, amounts to 23 meters[12], 
and which is behind the multipurpose berth of Shantou Port, is 24.9 meters[13]. The foundation blow 20 meters and 
in the range of the plastic draining board has been also well consolidated. Some projects like the Nansha shore 
protection project in Panyu, its consolidation of backside soft foundation can reach the depth of reaches 32 meters at 
most [14]. The foundation soil blow 20 meters and in the range of the plastic draining board has been also well 
consolidated, but not as well as the effect mentioned above. The representative projects are shown in Table 1. 
 
Table 1  Representative projects 
 
Number Name of the projects 
Area of 
consolidation 
/104m2 
Thickness of draining 
board/m 
Distance/
m 
Year of 
construction 
1 
the consolidation project of soft foundation of 
jetty 48×104m2 stock dump in the east of Tianjin 
Newport 
48 16̚20 1.3 1987-1989 
2 
the consolidation project of soft foundation of 
stock dump which is behind general bulk cargo 
berth in south Tianjin Port boundary 
14.1 19.7 0.8 2002-2003 
3 the project of soft foundation treatment of coal 29.1 20.5 0.9-1.3 1997-1998 
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wharf of Tianjin Port 
4 
the consolidation project of soft foundation of 
stock dump which is behind the third wharf of 
Ma bay Port in Shenzhen 
2.0 17.0 1.0 1995 
5 the project of foundation treatment of power plant in Zhuhai 14.5 20̚21.5 1.0 1993-1997 
6 
the consolidation project of soft foundation 
which is behind c-c cross section of the wharf of 
the jetty’s south side in the east of Tianjin Port 
3.5 23.0 0.65 1989-1990 
7 
the consolidation project of soft foundation of 
container stock dump which is behind the 
multipurpose berth of Shantou Port 
2.7 24.9 1.0 1994-1995 
8 
the consolidation project of soft foundation 
which is behind the Nansha shore protection 
project in Panyu  
2 16.2̚32.7 1.0 2003 
1.5. 4.3 The boundary Impact 
It is significant important for the research of influence of vacuum pressure to the boundary and this research has 
more important meaning for understanding thoroughly the pressure vacuum mechanisms, the reinforce effects, the 
enhancement of the security and stability of the surrounding buildings, etc.[15] 
During vacuum pumping the vacuum in gravel well is larger than the vacuum in the surrounding soil and it is 
transmitted from the sand well to the surrounding territories. This transition needs a certain period of time and will 
not affect the boundary water level but reduce the original atmospheric pressure in soil pore water at an commence 
stage. With sand wells vacuum degrees rise, the water level in the border zone reinforce the role of atmospheric 
pressure started to decline to reach equilibrium. 
The hole-pressure in the foundation during the vacuum preloading can be expressed as follows. 
u=Pnh + rwh                                                                                                                                                       (2) 
Pnh= Pa - Pvz                                                                                                                                                      (3) 
In which, Pa is the atmospheric pressure, Pnh is the remaining atmospheric pressure in depth h, Pvz is the vacuum 
suction in strengthening the same site, while in the surface area of consolidation (h=0) stands for the vacuum 
degrees under the membrane. 
If there were a pressure measuring tube and pressure height of the water level is d, then: 
rwd+Pa= rwh+ Pnh                                                                                                                                            (4) 
Ƹ=h-d=( Paϔ Pnh)/ rw =Pvh/rw                                                                                                                     (5)     
In which, Ƹ is the date for measuring the depth of water level decline (to the ground as the base). On the ground 
h=0 department, the Ƹ is the largest, with deep z increasing, Ƹ is reduced gradually. The relationship between 
these two situations can be denoted by using Figure 3. If h= Ƹ, h=h0 is the biggest decreasing depth Ƹmax of 
border water level. 
The unsaturated soil may be formed by the decreasing of water level in the boundary area. But the concretion 
distortion is the main soil distortion in the reinforce area and the main factor to influence the boundary distortion, so 
the distortion can be calculated and analyzed as the saturated soil. For the influence of the soil distortion in the 
reinforce area, the water level in the boundary will decrease and the concretion distortion will occur in the soil, 
which will cause the annexed subsiding and plane displacement towards the reinforce area. Meanwhile, the air and 
water penetrating in the boundary will cause the relatively low vacuum degree in the reinforce region and weaken 
the reinforce effect. The shape coefficient in the reinforce region can be defined as follows, 
α=A/L                                              (6) 
In which, A stands for the area of the reinforce region, L for the boundary perimeter of the reinforce region. 
According to field measure of actual projects, the bigger the value of α is, the better the reinforce effect will be, and 
vise versa. So the reinforce effect is better in square region than in narrow region. 
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In the process of vacuum preloading to reinforce the groundwork of the road in Tanjing Harbor, the vacuum 
pressure led to the plane displacement of the soil in the reinforce region[16]. Field measure showed that the plane 
displacement was largest in the ground surface and decrease sharply with the increasing of depth. The soil crazed 
near the ground surface a few meters away from the reinforce region. Since no construction and other related 
establishment existed nearby the project region, the plane displacement hadn’t caused bad aftermath. But to some 
projects especially where there is important construction nearby, this plane displacement usually will bring great 
harm and must be concerned sufficiently. 
ho
depth/h
ᇞ h
Pvz/rw
      
water surfice 
vacuum-pumping
soil surfice
 
Figure 5 The force under-water vacuum preloading    Figure 3 The maximum water level decrease in the vacuum 
preloading boundary 
 
5. Develop Tendency 
 
With the advantage of dependable result of reinforce, short time of preloading, simple construction equipments, 
economical cost of building, low noise, no environmental pollution and so on, vacuum preloading can be used to 
consolidate the soft roadbed. Through the effort which technology workers have made for many years in China, this 
technique has already reached higher level and has made large contribution to engineering construction of soft land 
area along the sea. Up to now, according to imperfect statistics, the amount of consolidating soft foundation area by 
vacuum preloading technique is more than 3,500,000 square meters, which has gained huge economic returns and 
social benefits. However, the study of vacuum preloading technique is a very complicated topic. Basing on present 
study, the reasonable advices on decreasing the environmental influence and improving the vacuum preloading work 
craft are as fellows: 
˄1˅The method of vacuum combination surcharge preloading. The super-static hydraulic pressure in soil will be 
produced by the method of surcharge preloading and the soil can be consolidated with the dissipation of the super-
static hydraulic pressure. Combine the method of vacuum drain preloading and the surcharge preloading, the 
pressure between the soil and vertical drainage body will become larger, which will accelerate the water draining 
from soil and strengthen the reinforce effect. Although this method has the extensive foreground of engineering 
application, the technique of construction is not completely mature. We should make further study and reform the 
technic and work craft, reduce the construction cost and save work period as far as not to influence the reinforce 
effect. 
˄2˅The method of vacuum combination electroosmosis consolidation. This method is made up of two methods, 
the method of vacuum and electroosmosis. With the effect of vacuum and electroosmosis, water can be accelerated 
to eject from the soil and create a series of physical chemistry reaction, which can shorten the consolidation time and 
strengthen the reinforce intension consequently. If the electrode is inserted into the soil and power on the direct 
current, the soil granule will move to the positive pole and produce electrophoresis, meanwhile, the water molecule 
will move to negative pole and produce electroosmosis. Because the electroosmosis coefficient KC= i×10-5cm/s is 
greater than the c hydraulic pervasion coefficient in soft soil K=i×10-7cm/s, water in soil can move to the positive 
pole quickly and be drained by vacuum function, which will reduce the consolidation time. Combination of the two 
methods, not only can the free water be drained out of soil, but also the weak united water be drained out, which will 
strengthen the density of soil greatly. Experiments indicated that under the function of electric current, ferric 
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hydroxide will be produced near the positive pole. 1cm3 ferric can produce 4cm3 ferric hydroxide and inflate into 
300 cm3 colloidal object in water, which will fill the air-gap in soil then and make the soil denser. Contemporary, 
the ions are exchanged to make the diffuse layer become thinner, reduce the repulsion force among the soil granule, 
cut down the compressibility of the soil and increase the bear force. This method can be applied in the transportation 
projects, the water conservancy and hydroelectric projects, so as to many kinds of road projects, bridge projects and 
tunnel projects, etc. 
˄3˅The method of under-water vacuum preloading. By this method better reinforce result can be acquired than 
vacuum preloading on land. As he figure 5 shows, before laying membrane and air exhaust, barometric pressure Pa 
and water column rwh act on hole water and the pressure of hole water is u=Pa+rwh. After laying membrane and air 
exhaust, the pressure under the membrane is reduced to Pv, the pressure of hole water is u=Pv and reduces by Ƹu= 
Pa+rwh-Pv. Correspondingly, the valid stress increases by Ƹσ= Pa+rwh-P0 and the valid stress increases by rwh than 
vacuum preloading on land. So the deeper the water is, the better the result of reinforce is. But this method is adapt 
to construction under water, so the rising and falling of water level, the flush of wave flow and the pressure of water 
must be taken into consideration. And the work craft under water is more complex, so the suitable work craft and 
equipments should be chosen to make sure that the sealed condition is good enough to get the ideal reinforce result. 
˄4˅Construction techniques and equipment. To enhance the reinforcement effectˈ improve construction 
conditions, reduce costs and adapt to the boundary conditions near the  reinforce area, the rapid and appropriate 
sealed techniques should be researched and developed. With the expanding of single reinforce area, the 
requirements of membrane materials and preliminary technical increased, not only to choose suitable materials, but 
also to develop suitable technology and adopt equipment for the spot felt repair. Meanwhile, the leakage detection 
devices need to be collocated to discover and solve problems in time. 
Generally, vacuum preloading can enhance the concretion degree and carrying capacity of the surrounding soil to 
some degree. But the harm brought by the settlement volume, the level displacement and settlement, should be 
avoided in the foundation projects. 
6. Conclusion 
The vacuum pre-pressing technique has been applied and developed for 20 years in China. Now it has achieved 
international advanced level. The reinforcing principle of vacuum pre-pressing technique has been studied, 
compared the advantages and disadvantages of analytic solution, semi-analytic solution and numerical calculation 
solution. The water level has been analyzed when vacuum pressure technique had been using, so as to the effective 
reinforcing depth and effect, the related environmental problems of impacting the border. Some reasonable advices 
on decreasing the environmental influence and improving the vacuum preloading work craft are put forward, such as 
associated pressure technique with pile load, reinforcing technique of associating vacuum with electroosmosis and 
underwater vacuum pre-pressing technique, construction techniques, equipment and the development of alternative 
materials etc. 
Acknowledgments 
Project supported by the National Natural Science Foundation of China (Grant No. : 50509008), the Natural 
Science Foundation of Henan Province (2007570006 & 2009B570002), Foundation of Technology Innovation 
Talents in University of Henan Province (2009HASTIT025), Senior Talents Foundation of North China University 
of Water Conservancy and Electric Power. 
Reference 
[1] Ye Shulin, Han Jie, Ye Guanbao. Ground processing and underpinning technology (the second edition) . Beijing: Chinese construction industry 
publishing house. 2000(in Chinese) 
[2] KjellmenW. Consolidation of Clay Soil by Mean of Atmospheric Pressure. [A]. Pro. on Soil Stabilization. Massachusetts Institute of Technology 
[C]. 1952 
 Jun Yan et al. / Procedia Environmental Sciences 2 (2010) 1613–1621 1621
[3] Lou Yongliang. The Research of Test and Design Theory of Consolidation of Coft Foundation by means of Vacuum Preloading, master's degree 
paper. Zhejiang University 2005. (in Chinese) 
[4] Huang Shengwen, Jia Cunxing, Deng Longzhao, Cheng Zhijie. Application of Vacuum precompression Method in the Consolidation of Soft Clay 
Foundation in Guangzhou Port. Journal of ChangSha Communication University. 2005.2: 41-42(in Chinese) 
[5] "The Ground Processing Handbook" (the second edition) compiling committee. The Ground Processing Handbook (the second edition) [ M] 
Beijing: Chinese construction industry publishing house, 2000(in Chinese) 
[6] HoHai University. Transportation construction soft soil ground engineering handbook [M]. Beijing: People's transportation publishing house, 2001. 
(in Chinese) 
[7] Wei Bo. The Research and the Application of Vacuum - Pile Carries the Union Preloading highway Soft Base. Master's degree paper, Chinese 
Academy of Science Wuhan Crag Soil Mechanics Research Institute, 2004(in Chinese) 
[8] Yu Zhiwan, Zhao Weibing, Gu Ji. Vscoelasticity-Visco-plasticity Three Dimensional Finite Element Analysis Method [J]. River sea university 
journal, 1995.5: 1-7. (in Chinese) 
[9] Ming Jingping, Zhao Weibing. Study on Groundwater Level in Vacuum Preloading. Port & Waterway Engineering, 2005.1: 1-6(in Chinese) 
[10] Ye Borong. Summarizing the Development of Vacuum Preloading in Our Country. Ground processing. 2000.3: 49-57 (in Chinese) 
[11] Ye Guoliang, Zhang Jing, Guo ShuJun. Some New Understandings of Vacuum Preloading Method for Consolidation of Soft Soil Foundation. 
Port & Waterway Engineering, 2004.10: 97-100(in Chinese) 
[12] Zhu Shengli. The Analysis Report of Tianjin Port the East jetty south side wharf shore part soft base reinforcement effect [R]. Tianjin: Tianjin 
Harbor engineering Research institute. 1990(in Chinese) 
[13] Yu ZhiQiang. The Examination Report Shantou Port Multipurpose Berth Container Soft Base Reinforcement Effect[R]. Tianjin: Tianjin Harbor 
engineering Research institute. 1996(in Chinese) (in Chinese) 
[14] Chen Yunxian, Li Wei. Soft Base Reinforcement of Panyu Nansha Puzhou Restaurant Sea Wall Shore Protection Project[R]. Tianjin: Tianjin 
Harbor engineering Research institute. 2003(in Chinese) 
[15] Chen Xiaodan, Zhao Bingwei, Zhou Zhiyong. The Discussion of the characteristic and the mechanism of Vacuum Preloading Consolidating Soft 
Clay Foundation. Roadbed project, 2005.3: 1-4 (in Chinese) 
[16] Yan Shuwang, Zhu Ping, LiuRun. Case study on consolidation of soft foundation by means of vacuum preloading. Journal of Hydraulic 
Engineering. 2004.3: 87-93(in Chinese) 
